Background: Some studies investigating the prognostic value of lymph vascular space invasion (LVSI) have shown an association between LVSI and disease-free survival. Definitive criteria and optimal determination of this parameter remain unclear, however, especially regarding the clinical relevance of LVSI quantification.
Quantitative assessment of lymph vascular space invasion (LVSI) provides important prognostic information in node-negative breast cancer introduction Lymph node-negative breast cancer (BC) patients are considered to have a relatively favorable prognosis, although they remain a very heterogeneous group of patients. Lymph vascular space invasion (LVSI) in both the peritumoral and the intratumoral lymph vessels has been related to various clinical end points in multiple studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The earliest report from the St Gallen panel that included peritumoral LVSI to recommended risk stratification was from 2005 [19] , based on three published studies [5, 7, 12] . Unfortunately, no uniform criteria were used in these studies. Although hematoxylin and eosin (H&E) staining is quite reliable for detection of LVSI occurring outside the contour of the primary tumor [18] , use of immunohistochemical stains for D2-40 ( podoplanin) and CD31 might increase LVSI detection.
Whether LVSI extent should be quantified is unclear. Eljertsen et al. [4] concluded that the addition of peritumoral LVSI to risk stratification did not identify low-risk patients who have a worse prognosis compared with other low-risk, LVSI-negative BC patients. Colleoni et al. [3] found that limited LVSI was not of prognostic significance while the presence of extensive LVSI (defined as one or more foci of LVSI in more than one tumor block) was associated with a poor prognosis. The 2007 St Gallen guidelines subsequently concluded that only extensive LVSI should be used as an adverse prognostic factor [20] . However, these guideline definitions are still relatively vague and require more evidence. Furthermore, whether this parameter provides useful information in both low-risk and high-risk patients has not been investigated. Mohammed et al. [11] showed that the extent of LVSI determined via CD34, CD31, and D2-40 staining was irrelevant for prognosis and that the presence of a single LVSI focus was sufficient to identify patients with poor outcome.
If and how LVSI should be incorporated into risk stratification of breast tumors is therefore unknown and requires further studies investigating this phenomenon and its extent in relationship to disease-free survival periods. The European Organization for the Research and Treatment of Cancer (EORTC) trial 10 854 investigated the efficacy of perioperative chemotherapy in a cohort of 2795 stage I/II BC patients [21] . In this study, we propose a number of clear morphological criteria to establish the presence of LVSI and have tried to develop a robust and simple quantitative determination for LVSI in a test cohort (N = 120) and an independent set of patients from the same trial (N = 238). The added value of this parameter in providing prognostic information in low-risk and high-risk N0 patients was also examined.
methods

EORTC trial 10854
The perioperative chemotherapy (POP) trial (EORTC 10854) randomized 2795 patients with T1-T3, N0-2, and M0 BC to receive one course of perioperative chemotherapy or no additional treatment. 674 of these patients were reported to be premenopausal and have node-negative disease. Previous molecular studies have described 441 premenopausal nodenegative patients from this trial. These 441 patients were patients that were treated at the larger centers participating in the trial and from whom tumor blocks were available. Immunohistochemial staining was carried out to assess molecular markers, as described previously [22] . Tumors were assigned to one of five intrinsic subtype categories according to the surrogate immunohistochemical definitions defined elsewhere [23] .
determination of LVSI
The presence of LVSI was determined solely on the basis of H&E slides. A sample was considered positive when there was a suspicion for LVSI that was found outside of the tumor border and met two of the following criteria: discordance between the shape of the tumor embolus and the surrounding vessel, the presence of a blood vessel in the vicinity of the suspected LVSI focus, and the presence of an endothelial lining along the suspected lymph vessel. The presence of retraction artifacts in the surrounding primary tumor was reason to not consider a lesion as LVSI. The number of LVSI foci was noted as well as the number of tumor cells in the largest tumor embolus. Tumor cells that were deemed to be necrotic were not counted. When nearby LVSI foci were within one field of ×10 magnification of each other, they were considered to be a single focus of LVSI and were not analyzed separately. All suspected LVSI were discussed by two observers (TJAD and VTHBMS). Observer disagreement was resolved by discussion, or the tumor was marked as negative for LVSI when no consensus was reached. All slides were also independently reviewed by a third observer (DVB).
statistical analysis
All statistical analyses were carried out with SPSS (version 20.0, IBM). Relapse-free survival was defined as the time period from trial randomization to occurrence of either locoregional recurrence or distant metastases (whichever presented first, if applicable) or the last moment of follow-up. All patients for whom patient age, pathological tumor size, and tumor grade (according to Bloom-Richardson) were available were stratified into low-and high-risk categories based on current treatment guidelines [http://www.oncoline.nl/mammacarcinoom 2013 (in Dutch)], without the inclusion of LVSI (supplementary Table S1 , available at Annals of Oncology online). Two systems for quantification of LVSI were tested in this patient series. The first system solely incorporated the number of affected lymph vessels in the H&E-stained sections. The second system included the number of affected lymph vessels multiplied by the number of tumor cells in Annals of Oncology original articles the largest tumor embolus. This second parameter was termed the LVSI tumor burden (LVSI TB). Because no evidence exists for the optimal cutoff for these parameters, this was tested by calculating sensitivity and specificity values for various cutoffs to predict relapse-free survival. These cutoff values were first determined in a test set chosen via a sequential selection of onethird of all tumors that had a LVSI score.
Subsequent disease-free survival analyses were carried out in the validation set, which incorporated the remainder of the included patients with LVSI scores. Survival curves were calculated using the Kaplan-Meier method while log-rank tests were used to assess differences in disease-free survival among different classes. For multivariate analyses investigating the independent effect of quantitative LVSI methods on hazard ratios (HRs) for disease relapse, multivariate Cox proportional hazard models were used. Factors that were associated (P < 0.100) with disease-free survival in univariate Cox proportional hazard models were included in multivariate analyses.
results patient characteristics and follow-up
The database included a total of 441 node-negative, premenopausal patients who have been described previously [22] . Of these, 231 patients received perioperative chemotherapy (52.4%). Adjuvant chemotherapy was administered to 14 patients, who were omitted from further analyses. All available H&E-stained slides from the remaining 427 patients were collected and scored. No LVSI score was reported solely in cases when no H&E-stained slides were available or the amount of peritumoral tumor tissue was deemed too little for reliably judging LVSI status (N = 69). Ultimately, 358 patients were evaluated for LVSI status (supplementary Figure S1 , available at Annals of Oncology online). The clinico-pathological parameters for these patients and corresponding tumor tissues are listed in Table 1 . Disease relapse occurred in 137 patients (38.3%), and the mean disease-free survival period for these 358 patients was 8.5 years with a minimum of 1.35 and a maximum of 14.08 years. Locoregional recurrence arose in 66 patients (18.4%), and distant metastases developed in 105 patients (29.3%).
presence of LVSI
LVSI was detected in 81 of 358 patients (22.6%). A single focus of LVSI in the peritumoral tissue was seen in 24 cases and multiple foci of LVSI in 57 cases. When stratifying patients according to LVSI-negative and -positive cases, a statistically significant relationship was found between the presence of LVSI and disease-free survival (P = 0.002) and an increased HR for disease relapse in univariate Cox regression analyses [HR 1.743, 95% confidence interval (CI) 1.211-2.507]. When stratifying the patients for the number of LVSI, no significant difference in disease-free survival was found between patients with one single focus of LVSI and LVSI-negative tumors, regarding either mean disease-free survival or disease relapse (HR 1.423, 95% CI 0.762-2.656). Disease-free survival was statistically significantly decreased when the number of LVSI foci was equal to or exceeded 2 and seemed to decrease further with increasing number of lymph vessels affected (supplementary Figure S2 , available at Annals of Oncology online).
quantitative assessment of LVSI
To determine the cutoff value that is most effective in stratifying the current group of patients regarding risk for disease relapse, several cutoff values were tested and corresponding sensitivity and specificity values determined in a test set of 120 patients from the entire cohort of 358 patients. The most optimal cutoff regarding sensitivity and specificity was found when defining a value of 60 for LVSI TB as positive (supplementary Table S2 , available at Annals of Oncology online), which resulted in combined testing sensitivity and specificity superior to other cutoff values in both quantification systems. This value of 60 was verified in the validation set, where it also displayed the highest combined sensitivity and specificity.
A statistically significant relationship was found between disease-free survival and LVSI TB for this cutoff in both the test (P < 0.001) and the validation sets (P < 0.001; supplementary Figure S3 , available at Annals of Oncology online). Similarly, increased HRs for disease relapse for tumors with LVSI TB values equal to or exceeding 60 were also found in both the test tumors that were LVSI TB low (0 < LVSI TB < 60) and tumors for which no LVSI was found in both datasets (HR 0.709, 95% CI 0.217-2.318 for the test set; HR 0.906, 95% CI 0.450-1.821 in the validation set). Therefore, these latter two categories were considered together as LVSI TB low. This parameter was investigated in multivariate analyses in the validation set. All parameters that were associated with disease-free survival in univariate analyses in the group of 238 patients were investigated in multivariate analyses (supplementary Table S3 , available at Annals of Oncology online). Parameters included in the multivariate model were patient age (<40 or ≥40 years), intrinsic subtypes, tumor grade (I or II/III), perioperative chemotherapy (yes or no), and LVSI TB (<60 or ≥60). LVSI TB was independently associated with an unfavorable prognosis, independent of other prognostic parameters (HR 2.366, 95% CI 1.369-4.090).
addition to low-and high-risk patients
We then evaluated the prognostic influence of LVSI TB in both low-and high-risk N0 patients in the validation set. In the lowrisk N0 group, a significantly reduced disease-free survival period was seen when high LVSI TB was detected (P < 0.001; Figure 1A ). The prognosis for this group of patients with extensive LVSI TB did not differ from that of high-risk patients. In the high-risk patients, LVSI TB was again associated with a decreased disease-free survival (P = 0.007; Figure 1B , supplementary Table S4 , available at Annals of Oncology online).
discussion
We propose a strict definition for LVSI detection in H&E-stained slides and method for quantification of LVSI in a series of breast tumors treated as part of the POP trial. This quantitative method was based on the multiplication of the number of lymph vessels involved by the number of cells in the largest tumor embolus. Although LVSI has been associated with clinical outcome in many studies, the majority of these did not describe clear histological criteria or apply any form of LVSI quantification. A dichotomous classification of LVSI ( present versus absent) groups all tumors with LVSI into one group even though the extent to which lymph vessels are affected varies considerably. This might lead to overtreatment because the presence of small tumor emboli might not be enough evidence to upgrade otherwise low-risk patients to a high-risk category. The number of tumor cells that have metastasized to regional lymph vessels is likely to indicate the chance of developing metastases. This assumption is supported by the results of this study, where we found that the amount of LVSI tumor cells had a great impact on patient survival. When this LVSI TB was low (<60), we identified no statistically increased HR for disease relapse; the HR did increase significantly for patients when this value equaled or exceeded 60. Colleoni et al. [3] were first to quantify LVSI in a series of 2606 patients and concluded that only patients with extensive LVSI had a statistically significant increased HR for disease relapse. The study did not investigate further whether adjustments to this cutoff could be made, leaving open the question of whether this approach is an optimal risk stratification for LVSI. By providing a numerical estimation of the LVSI TB, we have attempted to define LVSI cutoff values with an optimal sensitivity and specificity. We therefore feel that our study gives strong evidence that quantification of LVSI offers valuable information and supports the implementation of this parameter in the standard pathological documentation.
In contrast to our findings and those published by Colleoni et al. was the study of Mohammed et al. [11] which did not reveal a relationship between LVSI extent and disease-free survival. Although they reported a statistically significant relationship between LVSI and disease-free survival on multivariate analysis, no association was found between greater extent of LVSI and clinical outcome. This might be because Mohammed et al. used immunohistochemistry to aid LVSI detection compared with H&E-stained sections used in our We suggest that the strict criteria we used ensure a high reliability for determining LVSI (supplementary Figure S4A , available at Annals of Oncology online). More studies should be done to establish interobserver variability of LVSI using those criteria. The results of our study support the notion that H&E slides can be used as an important primary tool for LVSI detection and can directly provide this prognostic information. In cases of doubt (supplementary Figure S4B and C, available at Annals of Oncology online), the presence of LVSI can be confirmed with D2-40 immunohistochemistry staining, which unfortunately was not available for this study.
A drawback of our study was the limited number of patients enrolled compared with other studies that have investigated LVSI. However, strong points were the relatively long period of follow-up and the relatively homogeneous group of included patients. These patients were all derived from one larger clinical trial in which the treatment was relatively similar and that used randomized intervention. The POP trial investigated the efficacy a short-course of chemotherapy. This is not comparable to modern-day chemotherapy regimens. The impact of chemotherapy on disease-free survival remains an important question and should be assessed in subsequent studies. Application of this quantitative LVSI parameter for nodenegative BC patients is particularly appealing because it requires no extra costs and can be directly applied on the same H&E-stained slides that are used in the BC diagnosis.
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